The recent establishment of the Old World pest Helicoverpa armigera (Hü bner) into South America has had significant economic consequences and places the rest of the hemisphere at risk, emphasizing the need for improved methods of monitoring. A major complication is that a sibling species endemic to the New World, Helicoverpa zea (Boddie), is morphologically very similar, with the two species capable of producing fertile hybrids in the laboratory. The consequences of such hybridization in the field are uncertain, but could result in significant and unpredictable changes in the timing, range, and pesticide susceptibilities of Helicoverpa infestations. The objective here is to provide new genetic resources applicable to Helicoverpa populations in northern Florida and neighboring states (a region at risk for H. armigera) that can distinguish the two species and possible hybrids. The genetic variability in segments of the mitochondrial cytochrome oxidase 1 (CO1) and the Z-linked triosephosphate isomerase (Tpi) genes were determined for H. zea from the southeastern United States. These were compared to DNA sequences from H. armigera specimens from Morocco, Australia, and Europe. Phylogenetic network analysis showed a clear demarcation between the two species for all gene segments. These results extend earlier studies establishing CO1 as marker for discriminating the Helicoverpa species complex and introduce a new sex-linked genomic marker. The CO1 and Tpi markers in combination provide a more accurate and sensitive method than existing techniques for identifying hybridization between H. zea and H. armigera and could potentially be used to extrapolate the likely source of invasive H. armigera populations.
not always conclusive. Heliothis stombleri was initially described as a species separate from H. zea on the basis of genital morphology (Okumura and Bauer 1969) . However, it was later demonstrated that similar genital phenotypes occurred naturally in H. zea, leading to the conclusion that H. stombleri was simply an aberrant subgroup of H. zea (Hardwick 1965 , Pogue 2004 . The H. stombleri phenotype has been reported in 9% of H. zea specimens analyzed from Texas, 4% from Argentina, and 15% from Brazil, with the cause of these apparent genital malformations not known (Hardwick 1965 , Pogue 2004 . Their frequency in field collections indicates that a substantial fraction of the H. zea population cannot be conclusively identified using only morphological criteria.
Another complicating issue is the potential for hybridization between the invasive H. armigera and the native H. zea populations. Several studies have demonstrated interspecies mating in the laboratory that give rise to fertile hybrids Hardee 1995, Laster and Sheng 1995) . If this occurs at a high frequency in the field, it is unlikely that the invasive H. armigera population will persist unadulterated given the much larger native H. zea population. The consequences of such interspecies hybridization is not known, but there are concerns that the introgression of the H. armigera pesticide resistance traits and host specificities into the H. zea population could exacerbate the severity of pest damage and expand its host range of infestation (Tay et al. 2013) . Unfortunately, identifying hybrids in field populations is problematic given the morphological similarity of the two parent species. It is unlikely that hybrid genital morphology will be sufficiently different from either parent species to allow for unambiguous identification.
Fortunately, mitochondrial haplotypes have been identified that facilitate the diagnosis of H. zea and H. armigera (Behere et al. 2007b , Behere et al. 2008 . Most notably, sequence analysis of the cytochrome oxidase 1 (CO1) and cytochrome-B (cytb) genes were used to confirm reports that H. armigera had become established in South America (Tay et al. 2013) . The CO1 gene is probably the best-characterized genetic marker of the Helicoverpa species complex. Specimens of H. armigera have been reliably distinguished from H. zea collected using CO1 sequence data in several studies (Behere et al. 2007b , Tay et al. 2013 , Leite et al. 2014 , Gilligan et al. 2015 . The distributions of CO1 haplotypes of both species found no evidence of geographical or host plant-based genetic structure, consistent with the results of H. zea studies using microsatellites (Perera et al. 2011) . Helicoverpa zea typically displayed less genetic heterozygosity than H. armigera, leading to the proposal that H. zea diverged from an H. armigera founder population as recently as 1.5M years ago (Mallet et al. 1993 , Behere et al. 2007a , Tay et al. 2013 .
Several approaches have recently been reported to facilitate the identification of H. armigera in field populations. Two related techniques use real-time PCR (polymerase chain reaction) analysis of the Helicoverpa ribosomal RNA internal transcribed spacers (ITS sequences) to quantify sequence-specific differences (Gilligan et al. 2015 , Perera et al. 2015 . This approach avoids the need for resource-intensive DNA sequencing, making it more conducive to large-scale population surveys to identify H. armigera. In addition, this methodology can potentially identify a subset of the progeny produced by interstrain mating, specifically hybrids that are heterozygous for species-specific alleles in the tested ITS segment (Perera et al. 2015) . Another method based on restriction fragment polymorphism analysis of a CO1 gene segment was recently used to identify H. armigera infestations in Argentina without the need for DNA sequencing (Arneodo et al. 2015) .
Once an invasive population has been preliminarily detected, confirmation and additional analysis will be facilitated by the availability of multiple genetic markers. An example of this approach comes from studies on fall armyworm, Spodoptera frugiperda (J.E. Smith), a noctuid pest similar to H. zea in its distribution and behavior. Genetic markers were developed from segments of the CO1 and the nuclear sex-linked Tpi (encoding the enzyme triosephosphate isomerase) gene, and the two were used in combination to identify two genetically distinct but morphologically indistinguishable subpopulations and to study the frequency of intergroup hybridization in the field (Nagoshi 2010 (Nagoshi , 2012 Nagoshi et al. 2012 Nagoshi et al. , 2014 . We believe that a similar strategy can be successfully applied to Helicoverpa.
The objective of this study was to develop segments of the Tpi gene for use as genetic markers that can accurately differentiate invasive H. armigera from the native H. zea in the southeastern United States, a region at high risk for the introduction and establishment of this pest based on climate suitability and port interceptions (Kriticos et al. 2015) . Because H. armigera may already be in the test region, it is essential that the identity of the H. zea specimens being used as the genetic standards be both accurate and unambiguous. This was accomplished by the use of a collection of H. zea and H. armigera specimens unambiguously identified by morphology and sequence analysis of two segments of the CO1 gene. The effectiveness of both CO1 segments to distinguish the two species was compared to facilitate future Helicoverpa surveys. Sequence comparisons of the Tpi gene from this collection identified polymorphisms that were comparable to CO1 in distinguishing the two species. The potential advantages of combining CO1 and Tpi markers to identify migratory source populations and to study interspecies hybridization are discussed.
Materials and Methods

Insect Collections
Specimens were obtained from laboratory colonies, field collections, or port intercepts ( Table 1 ). The HAs and HAi collections were previously described (Gilligan et al. 2015) . In that study the CO1-5 0 segment was sequenced for all HAs specimens and a subset of HAi (Genbank KT946021, KT946029, KT946033, KT946039, KT946050-52, and KT946054-59). Two H. armigera colonies derived from collections in Australia were sampled, one maintained in Australia (HAa1, laboratory of T. Walsh) and the other in Germany (HAa2, laboratory of D. Heckel). Two H. zea colonies were sampled, one derived from Virginia (HZv) populations and the other from Mississippi (HZm). Other collections were composed of adult males captured in pheromone traps using commercially available H. armigera lures that were part of a program to monitor for the introduction of H. armigera into Florida. The most consistent morphological phenotype to distinguish the two species is the number of lobes or diverticula at the base of the vesica associated with the aedeagus (Pogue 2004) . For this reason, the aedeagus was dissected and examined in all male specimens to determine species identity as previously described (Brambila 2009 ). This allowed unambiguous discrimination of H. zea from H. armigera except for one field collection from Florida (collection Xfs). These represented eight adult males that were morphologically indistinguishable to both H. zea and H. armigera except for genitalia that was reduced in size, appearing similar to descriptions of H. stombleri (Okumura and Bauer 1969) . In addition, the species identities of two female specimens from the H. armigera HAa2 colony were confirmed by external morphology. After the morphological analysis, all specimens were stored in ethanol or frozen at À20 C until DNA isolation.
Sample Preparation
A preparation containing both genomic and mitochondrial DNAs was purified from individuals as previously described (Nagoshi et al. 2006) , and stored in TE (10 mM Tris [pH 8], 1 mM EDTA) at À20 C. Additional preparations were performed using a simpler variation of the described method. Frozen specimens were homogenized in 1 ml of phosphate buffered saline (PBS, 20 mM sodium phosphate, 150 mM NaCl, pH 8.0) in a 7-ml Dounce homogenizer. The preparation was transferred to 2.0-ml microcentrifuge tubes, and the cells and tissue were pelleted by centrifugation at 12,000 g for 3 min at room temperature. The pellet was resuspended in 500 ml cell lysis buffer (0.2 M sucrose, 0.1 M Tris-HCl at pH 8.0, 0.05 M EDTA, and 0.5% sodium dodecyl sulfate) or Genomic Lysis Buffer (Zymo Research, Irvine, CA), transferred to a 1.5-or 2.0-ml microcentrifuge tube, and incubated at 55 C for 10 min. The preparation was pelleted by centrifugation at 12,000 g for 10 min at room temperature. The supernatant was transferred to a Zymo-Spin III column (Zymo Research, Orange, CA) and processed according to manufacturer's instructions. The DNA preparation was increased to a final volume of 100 ml with distilled water. Genomic DNA preparations of fall armyworm samples were stored at À20 C and analyzed as needed.
CO1 Haplotype Analysis
All specimens were analyzed for two segments of the mitochondrial CO1 gene. The first was a 442-bp fragment from the 5 0 portion of the gene (CO1-5 0 ) frequently used for DNA barcoding and that we had previously shown could discriminate multiple Spodoptera species as well as distinguish between closely related S. frugiperda host strains (Nagoshi et al. 2006 , Nagoshi et al. 2011 . The second segment (CO1-3 0 ) includes a portion of the CO1 gene previously shown to discriminate between H. zea and H. armigera ( Fig. 1A , Behere et al. 2007b ). All primers used for PCR and DNA sequencing were synthesized by Integrated DNA Technologies (Coralville, IA) and all DNA sequencing was performed by the University of Florida Interdisciplinary Center for Biotechnology Research (Gainesville, FL). PCR amplifications were performed in a 20-ml reaction mix containing 2 ml 10Â manufacturer's reaction buffer, 0.5 ml 10 mM dNTP, 0.5 ml 20-mM primer mix, 1 ml DNA template (between 0.05-0.5 mg), and 0.5 unit Taq DNA polymerase (New England Biolabs, Beverly, MA). The amplification program was 94 C (1 min), followed by 32 cycles of 92 C (30 s), 56 C (30 s), 72 C (30 s), and a final segment of 72 C for 3 min. Primers for H. zea CO1 were based on GenBank sequence KM274954 and for H. armigera CO1 from sequence KM275101. Amplification of the CO1 region used the primer pair zCO45F (5 0 -TTCGAGCAGAAT TAGGTAATC-3 0 ) and zCO678R (5 0 -ATAGGATCACCTCCTCC AGCAG-3 0 ) to produce a 577-bp product, or zCO1036F (5'-ACT GTTGGAGGATTAACAGGAG-3 0 ) and zCO1490R (5'-GGAGG TAAGTTTTGGTATCA-3 0 ) to produce a 455-bp product (Fig. 1A) .
The CO1 segments were initially sequenced using zCO45F or zCO1036F and sequence quality was assessed by visual inspection of the chromatograms. If ambiguous results were obtained, the opposite strand was sequenced using either zCO678R or zCO1490R. A subset of each amplified region was designated as CO1-region1 (442-bp) or CO1-region2 (212-bp) and used for subsequent analyses.
Consensus sequences for H. zea and H. armigera were determined for each CO1 segment and used in BLAST searches of the NCBI nucleotide collection database. All sequences of the appropriate species were analyzed by alignment and haplotype network analysis. DNA alignments and consensus building were performed using MUSCLE (multiple sequence comparison by log-expectation), a public domain multiple alignment software incorporated into the Geneious Pro 8.1.7 program (Drummond et al. 2010) . Phylogenetic networks were estimated by the TCS statistical parsimony algorithm (Clement et al. 2000) incorporated in the software program PopArt (Leigh and Bryant 2015) . The CO1 haplotypes found in our collections (Table 2) were deposited into GenBank (KX079635-KX079656).
Tpi Sequence Analysis
The Tpi gene sequence in H. armigera has five exons and introns with the first exon and intron situated entirely in the 5 0 noncoding region (Liu et al. 2009 ). Primers for H. armigera were based on GenBank sequence AY735358. The same primers were used to amplify H. zea Tpi. Isolation of the Tpi gene segments for sequence analysis was performed using a nested PCR procedure. The initial PCR amplification for all specimens used primers zTpi-86F (5 0 -TAACTGGAAGATGAATGGTGAC-3'), which includes the beginning of the deduced amino acid sequence, and zTpi698R (5 0 -AGTCACGGATCCTCCATACTG-3') that span a region extending from exon2 to a portion of exon6 (Fig. 1) . The completed reaction was diluted 1:100 in water and used for subsequent amplifications. The HAmo, HAa1, and HZf1 specimens were analyzed for the Tpigene segment (Fig. 1) to determine gene structure and for preliminary comparisons between species. PCR amplification of each specimen was performed with each of the following primer pairs, zTpi86F and zTpi385R (5 0 -GCAACAAGTTCGTCTTTCTCTC-3 0 ), zTpi262F
(5 0 -ATTGGTGTCCCGGCTATCTACT-3') and zTpi850R (5 0 -TTACCTGTTGTGGAGATGCTGTC-3'), zTpi412F (5 0 -ATGGCCTGAAGGTCATTGCTTG-3') and zTpi698R using 1 ll of the diluted initial amplification reaction. PCR amplification, isolation of the amplified fragments by gel electrophoresis, and DNA sequencing were as described for the CO1 gene.
A subset of the specimens was analyzed for the Tpi-gene segment (Fig. 1B) . Because Tpi is a sex-linked nuclear gene, two copies are present in males (ZZ), which represented most of the specimens tested. Therefore, analysis of the male Tpi gene will result in overlapping DNA sequence data that will be ambiguous if there are nucleotide differences between the homologues. This is particularly problematic with indels (insertions and deletions) because these shift the DNA sequencing frame, producing long segments of ambiguity.
All the indels in this study were limited to the intron segments, and in these situations the relevant PCR fragments were subcloned and individually screened by DNA sequence analysis until both homologues were identified. Subcloning of PCR amplified fragments was performed using the pGEM-T Easy vector system (Promega, Madison, WI) and selected by b-galactosidase staining and ampicillin resistance according to manufacturer's instructions. DNA was isolated from subclones using the GenElute 5-minute Plasmid Miniprep Kit (Sigma-Aldrich Co., St. Louis, MO) according to manufacturer's instructions. An aliquot of the DNA preparation ($10 lg) was outsourced to the University of Florida ICBR for DNA sequencing. Tpi sequence alignments and phylogenetic analyses were done as described for the CO1 region. All specimens were analyzed for the Tpi-exon segment that extends from exon3 to exon5 with the intron sequences deleted (Fig. 1B) . PCR amplification of 1 ll of the diluted initial amplification reaction was performed using primers zTpi262F and zTpi850R. DNA sequencing was performed initially using primers zTpi262F and zTpi850R, and repeated with zTpi385R or zTpi412F as needed. The Tpi haplotypes found in our collections (Table 3) were deposited into GenBank (KX079657-KX079688).
DNA Sequence Quality Analysis
PCR amplification can introduce nucleotide substitution errors at a rate of about 1 per 1,000 bases with the most commonly used DNA polymerases (Paabo and Wilson 1988) . The most direct way of identifying these artifacts is by sequence comparison of duplicate PCR amplifications, on the assumption that a random amplification error is unlikely to occur at the same site in two independent reactions. However, such duplicate sequence analysis becomes impractical when dealing with the numbers required for population studies. One simple strategy to approximately account for amplification errors is to assume that these are most likely to result in singletons, i.e., a polymorphism found in a single specimen in an alignment (Knudsen and Miyamoto 2009 ). These are easily identified and can be edited back to the consensus sequence. A consequence of this correction is that true polymorphisms that happen to occur as singletons will not be counted, leading to an underestimate of genetic variation. We preferred this more conservative estimate of variation, as it minimized the possibility of mutation artifacts contributing to or obscuring species differences in haplotype and simplified the phylogenetic analysis by limiting the calculations to only polymorphisms present more than once in the sample collection. For this study, all CO1 and Tpi sequences generated were aligned with those obtained from GenBank. Singleton nucleotide polymorphisms were identified and edited back to the consensus sequence.
Results
Confirmation of Species Identification by CO1 Markers
Two segments of the CO1 region were compared with the same set of specimens for their effectiveness at differentiating H. armigera from H. zea (Fig. 1A) . A total of 126 specimens were analyzed, including 80 from the southeastern United States obtained in the field from traps baited with a commercial pheromone blend designed for H. armigera but which also attracts H. zea. The majority of specimens had sequences that were identical to entries found in GenBank (Table 2) . New haplotypes were identified for H. armigera (a5C05, a3C32) and H. zea (z5C02, z5C03, z5C05). Network analysis of the specimens from our collections showed a clear separation of the two species with either CO1 segment (Fig. 2) . Over 70% of the H. zea specimens displayed haplotype z5C06 (Fig. 3A) and over 95% z3C01 (Fig. 3B) for CO1-5 0 and CO1-3 0 , respectively. Specimens from the H. armigera Australian colony HAa1 all shared the identical sequence for both CO1 segments, while HAa2 displayed some variability in CO1-3 0 ( Table 2 ). In comparison, field collections from Morocco, Spain, and Israel showed multiple haplotypes with each segment. All eight of the unknown specimens (Xfs) grouped with H. zea, with six displaying the predominant H. zea haplotype associated with either CO1 segment (Fig. 3 , Table  2 ). Species identification based on the CO1 haplotypes were consistent with that derived from morphology and both segments of the CO1 region were equally effective at differentiating the two species. Arneodo et al. (2015) described a polymorphism in the CO1 segment overlapping CO1-5 0 that generates a Hinf1 restriction site in H. armigera that is not present in H. zea for specimens collected in Argentina. This was used to develop a PCR-based method to distinguish the two species by restriction fragment length polymorphism (RFLP) analysis. Sequence comparisons found the same Hinf1 polymorphism in our collections, indicating that this PCR-RFLP method is also applicable for surveying Helicoverpa populations in the southeastern United States.
Analysis of the H. zea and H. armigera Tpi Genes
The Tpi-gene segment that includes two small introns was analyzed for Helicoverpa specimens from the H. armigera collection HAm and subset of the H. zea collection HZf (Fig. 1) . The locations of intron/exon splice sites were previously reported for H. armigera (GenBank: AY736358, Liu et al. 2009 ) and are identical to that deduced for H. zea from a partial sequence of the Tpi coding region found in GenBank (JQ784109). We used this splicing pattern to determine the coding sequences for our samples and found that the predicted peptide was identical in both H. armigera and H. zea, and showed strong homology to the Drosophila melanogaster TPI protein (AAU84716) in a BLAST search (E value ¼ 1.91e À178 ). The locations of intron/exon splice sites were the same as reported for C. virscens (Logsdon et al. 1995) and S. frugiperda (Nagoshi and Meagher 2016) , as well as for that deduced for Ostrinia nubilalis (Hü bner) based on the GenBank sequence EF396438 (Fig. 3) . Comparisons of the predicted amino acid sequences showed greater than 85% pair-wise identity and similarity of the H. zea/H. armigera sequence with that of S. frugiperda, O. nubilalis, and C. virescens over the 175 amino acid residues tested. Haplotype distribution is described in Table 2 .
Phylogenetic network analysis of HAm and HZf for the Tpigene segment showed an unambiguous separation of the two collections that was consistent with that predicted by the CO1 analysis (Fig. 4A ). HZf showed a tighter grouping, with its three haplotypes separated by one to four mutations. In contrast, the most similar HAm and HZf haplotypes were separated by 15 mutations and the HAm haplotypes generally showed much higher levels of genetic variation. To simplify the analysis we repeated the phylogenetic network calculations with a Tpi segment that excluded the two introns (Tpi-exon, Fig. 1B ). This produced a simpler network pattern that still distinguished HZf from HAm while significantly reducing the amount of sequence information required (Fig. 4B ). The number of H. zea haplotypes was reduced to two, separated by two mutations, while the most similar HZf and HAm haplotypes were separated by six base changes. The HAm group remained diverse with seven haplotypes, though these were separated by fewer mutations than in the Tpi-gene network, an indication of the higher variability found in the introns. No haplotypes were found in common between HAm specimens.
The Tpi-exon segment was used to analyze the remainder of the samples in this study. A total of 141 sequences were analyzed from the 126 specimens examined for CO1, with several instances of heterozygosity where two different sequences were obtained from a single specimen. Phylogenetic network analysis of this expanded sequence database revealed a clustering of all 81 Tpi sequences associated with an H. zea identity as determined by male genital anatomy and CO1 (Fig. 5) . The eight Xfs sequences were distributed between the two predominant H. zea haplotypes, TpHz01 and TpHz02, consistent with this group being H. zea. Overall, 86% (75/90) of the sequences in the H. zea cluster were associated with either the z01 or z02 Tpi haplotypes (Table 3) .
A total of 52 Tpi-exon sequences were analyzed from the specimens identified as H. armigera by CO1 analysis. Shared H. armigera Tpi haplotypes were rare and only found with the Australia specimens, probably reflecting their laboratory colony origins. All eight specimens from the HAa1 colony collection were homozygous for the TpHa11 haplotype while the HAa2 colony collection had three sequences share the TpHa15 and two the TpHa19 haplotypes (Table 3 ). The remaining 39 sequences each represented a unique haplotype, with all at least eight mutational events distant from the nearest H. zea cluster (Fig. 5A ).
An unambiguous separation of the two species was still observed when the sequence comparisons for the same set of samples were limited to the 110-bp Tpi-exon4 segment (Fig. 5B) . This result demonstrates that sequence information from this single exon is sufficient to provide at least a preliminary indication of Tpi-based species identity, which facilitates the use of this marker for population studies.
Discussion
The two major Helicoverpa pest species, H. armigera and H. zea, have few morphological characters that can reliably distinguish the two and even these can show overlapping ranges (Pogue 2004 ). This similarity is evident at the molecular level by comparing deletion variants of the transposable element piggyBac, which should be nonfunctional and therefore exhibit high mutation rates. The elements isolated from both species were found to have nearly identical DNA sequences and insertion locations, suggesting either substantial interbreeding (i.e., near conspecificity) or recent divergence (Zimowska and Handler 2006) . Either event would make genetic markers unique to one or the other species rare. It is therefore fortuitous and Fig. 3 . Alignment of the predicted TPI amino acid sequences from various Noctuid species shows similar peptides and identical splice sites. The predicted H. armigera peptide sequence and intron locations are from Liu et al. (2009) and is identical to that deduced for H. zea from GenBank entry JQ784109 and from the data in this study. Sequence and intron data for C. virescens are from Logsdon et al. (1995) and GenBank U23080, and that of S. frugiperda from Nagoshi and Meagher (2016) . The intron number designation is based on Liu et al. (2009) , who identified an exon and intron present in the untranslated 5' region not shown here. If the intron splice site falls between two codons, both corresponding amino acids are shaded. If a codon is split by the intron then the single affected amino acid is shaded.
probably significant that the Helicoverpa species represents the third example in Noctuidae where polymorphisms in the Tpi gene can discriminate closely related populations. Tpi is one of the few genetic markers that can distinguish between the E and Z pheromone strains of O. nubilalis (Dopman et al. 2004) or the S. frugiperda rice-strain and corn-strain (Nagoshi 2010) . This predilection for Tpi alleles to become specific to subpopulations in what may be the early stages of divergence suggests a linkage to whatever functions are generally driving the process, making Tpi a useful general marker for identifying Noctuidae subpopulations in the initial stages of speciation. Table 3 . Other symbols are as described for Fig. 2 .
With respect to the Helicoverpa species complex, the Tpi gene provides a complementary genetic marker that can be used to confirm and complement species identification based on CO1 sequence analysis. Particularly useful is that the combination of the two markers can be exploited to provide a sensitive method to detect hybridization between the two species. This approach takes advantage of the different inheritance patterns exhibited by the Z-chromosome-linked Tpi and mitochondrial CO1 genes as described in Fig. 6 . Mating between the two species (i) will produce hybrid progeny (ii) that express the mitochondrial hapotype of the maternal species, but differ in their Tpi composition. The Z/Z male progeny will be heterozygous for the Tpi haplotypes of both species while the Z/W females will have only the Tpi allele representative of the paternal species. Both cases will result in discordance between the CO1 and Tpi markers that can be detected by DNA sequence analysis. If the hybrids are fertile, matings of the hybrids to either species (iii) will produce progeny (iv), a subset of which will display discordance between the CO1 and Tpi markers (asterisks, Fig. 6 ). This marker inheritance pattern can continue indefinitely, depending primarily on the fitness and fertility of the interstrain hybrids, thereby acting as a persistent indicator of past mating events between species.
The usefulness of these genetic markers was demonstrated by the analysis of the Xfs group, which is composed of adult males that externally resembled both H. zea and H. armigera but with distinctive male genital morphology. The reduced genitalia associated with this group are consistent with the H. stombleri subset of H. zea (Hardwick 1965 , Pogue 2004 , but this phenotype could also be the result of interspecies hybridization if such events are partially incompatible. Existing morphology-based methods do not provide a means to distinguish between these two possibilities. Our finding that the Xfs specimens have the CO1 and Tpi haplotypes characteristic of H. zea supports the H. stombleri explanation.
This approach has several advantages over the one current method for detecting hybrids that depends on heterozygosity between species-specifying polymorphisms in the nuclear ITS1 segment of the rRNA genes (Perera et al. 2015) . Methods based solely on loci found in the nuclear genome will only detect hybrids that are heterozygous for the tested polymorphisms, which will represent a progressively smaller proportion of the hybrid population with each successive mating of the hybrids to the parental species. For example, in Fig. 6 only the *2 progeny class can be identified as hybrids solely using the nuclear Tpi marker. In contrast, identification of hybrids by discordance between the mitochondrial CO1 and nuclear Tpi markers is not limited to specimens heterozygous for Tpi (for example the *3 discordant pattern in Fig. 6) , therefore a higher proportion of hybrids in a population can be detected. In addition, because the type of CO1-Tpi discordant pattern obtained is dependent on the nature of the cross, the relative frequencies of different discordant types will be informative. For example, if interspecies mating shows a directional bias (e.g., species-A females mating with species-B males is more productive than the reciprocal cross) then the discordant configuration of CO1 A Tpi B will occur more frequently than CO1 B Tpi A . Proof of concept for this approach has been demonstrated in S. frugiperda, where the analogous markers provided evidence of hybridization between two genetically distinct, but morphologically indistinguishable host races, and suggested a directional bias in interstrain mating behavior (Nagoshi 2010 (Nagoshi , 2012 .
Our characterization of the H. armigera Tpi gene was based on specimens from Spain, Israel, Morocco, and Australia (Table 1) . This sample group was sufficient to demonstrate the substantial genetic differences with H. zea Tpi, as indicated by the complete correspondence in species identification with CO1 for all specimens examined (Fig. 5) . The H. armigera specimens sampled to date indicate high genetic variability in the Tpi-exon segment with no overlap in the Tpi-exon haplotypes between the different collections (Table 3) . These findings leave open the possibility that the Tpi haplotypes could be geographically localized. More extensive Fig. 6 . The CO1 and Tpi inheritance patterns allow detection of an interspecies mating event even after multiple generations. (i) Species A and B have distinctive CO1 mitochondrial (as indicated by box shading) and Tpi haplotypes as defined by superscripts. The shaded boxes identify CO1 A , white boxes CO1 B . (ii) The hybrid progeny will each have the CO1 haplotype of the mother (mitochondria is maternally inherited) and one Z-chromosome carrying the Z-linked Tpi gene from the father. This segregation pattern produces a discordance between the CO1 and Tpi markers that can be detected by DNA sequencing. (iii) Subsequent matings between the hybrids and either parent species will produce progeny (iv) that can also have the discordant marker configuration (asterisks). The predicted discordant patterns are *1, CO1 A Tpi B ; *2, CO1 A Tpi A/B ; *3, CO1 A Tpi B ; *4, CO1 B Tpi A/B ; *5, CO1 B Tpi A . These discordant patterns can persist over many generations.
surveys of H. armigera are in progress to assess whether the genetic variation in Tpi exon and intron segments can be used to extrapolate the migratory sources of invasive populations found in the United States.
In summary, these studies demonstrate the feasibility of using the Tpi gene as a genetic marker to distinguish between H. zea and H. armigera as a complement to morphology and CO1 barcoding. In addition, when used in combination with CO1 haplotypes, it becomes possible to identify the occurrence of hybridization between the two species. This capability is particularly relevant given recent observations of H. armigera becoming established in South America and its potential dispersion into the rest of the Western Hemisphere. Managing the consequences and spread of H. armigera will be facilitated by knowledge of hybridization frequency and consequences.
